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Abstract
Tip vortex cavitation often occurs on ship propeller. This type of cavitation can cause signiﬁcant noise compared to the wet ﬂow.
Aiming at predicting the inception of tip vortex cavitation, numerous researchers have investigated the detailed ﬂow ﬁeld around the
tip. According to informed studies, the inception of tip vortex cavitation is aﬀected by complicated factors, such as the minimum
pressure in the vortex core, the turbulence ﬂuctuation and the water quality. To understand the eﬀect of water quality on cavitation
inception, the motion of nuclei in the vortex ﬂow is investigated. The vortex ﬂow is given by the Ranking vortex model. The
one-way coupled point-particle-tracking model (PTM) is employed to simulate the trajectory of nuclei. Meanwhile, the theoretical
solution of motion of nuclei is obtained and compared to the numerical results.
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1. Introuction
Tip vortex cavitation often occurs on ship propeller. This type of cavitation can cause signiﬁcant noise compared to
the wet ﬂow. According to informed studies, the inception of tip vortex cavitation is aﬀected by complicated factors,
such as the minimum pressure in the vortex core, the turbulence ﬂuctuation and the water quality [1]. On the other
side, Oweis [2] studied the capture and growth of bubble near line vortices and showed that the nucleus grows so
slowly until the last stages of the process, where the low-pressure region is below than the critical pressure. In the
core region, the nuclei will grow rapidly, then bubble-vortex interaction and bubble deformation become important.
So because of the eﬀect of water quality, i.e., the concentration and size distribution of the free-stream nuclei [3], it
takes diﬀerent time for bubbles with diﬀerent size and position to be captured by the vortex core, called capture time.
Conversely, capture time is an important characteristic considering of the water quality.
In the present work, we investigate the motion of nuclei in the vortex ﬂow to understand the eﬀect of water quality
on cavitaion inception with ideal Rankine vortex model. The one-way coupled point-particle-tracking model (PTM)
[4] is employed to simulate the trajectory of nuclei. As a test of the algorithm, the theoretical solution of motion of
nuclei is obtained and compared to the numerical results. Based on it, we inspect the capture time for diﬀerent bubble
sizes, release positions and vortex intensities.
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2. Mathematical model
Eulerian-Lagrangian approach is used in this study to model the two-phase simulations, and the tip vortex ﬂow is
described by Rankine vortex model, in the meantime, the trajectory of nuclei is simulated by the one-way coupled
point-particle-tracking model (PTM).
2.1. Rankine vortex model
The ﬂow ﬁeld of a Rankine vortex can be written as follows, the tangential velocity and pressure are given respec-
tively by
uθ = { Γ2πr2c
r, r ≤ rc; Γ2πr , r > rc}, (1)
Pω(r) = {P∞ − ρΓ
2
4π2r2c
+
ρΓ2r2
8π2r2c
, r ≤ rc; P∞ − ρΓ
2
8π2r2
, r > rc}, (2)
where r is the radial distance from the vortex axis, rc is the vortex core radius, Γ is the vortex circulation.
2.2. Spherical bubble dynamics model
Considering the one-way coupled method, the position and momentum equations of non-cavitating bubble can be
described as follows [5]
dx
dt
= ub,
ρbVb
dub
dt
= Vb(ρb − ρ)g − Vb∇p + 12ρVb
(
du
dt
− dub
dt
)
+ FD + FL,
(3)
where ρb is the bubble density, ρ is the ﬂuid density, Vb is the bubble volume, ub is the bubble velocity, u is the
undisturbed ﬂow velocity at the bubble center. The terms on the right side represent buoyancy, pressure gradient,
added mass, drag forces and lift forces, respectively. With the assumption that ρb  ρ, Eq. (3) can be rewritten as [6]
dx
dt
= ub,
dub
dt
= − 3
ρ f
∇p + 3
4
CD
Rb
(u − ub) |u − ub|.
(4)
The Lagrangian bubble equations are advanced ﬁrst with a fourth order Runge-Kutta method every subcycling to
account for the bubble time scales relative to the ﬂow time scales accurately.
2.3. Theoretical model
First inspecting the theoretical solution by combining the momentum equations with ub = dx/dt, we get
d2x
dt2
+ a
dx
dt
+ bx = au, (5)
where a = 9ν/R2b, b = 3
(
Γ/2πr2c
)2
. Decomposing this equation in two orthogonal directions, ﬁnally we get the radial
distance r as a function of the time t:
r = Ce−λt, (6)
where λ is determined by the vortex ﬁeld and radius of bubbles, C is dependent on initial condition of the bubble
including the release position.
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Fig. 1. (a) bubble’s trajectory when captured; (b) radial distance of the bubble.
Fig. 2. (a) bubbles’ trajectory when captured for diﬀerent bubble size in a vortex circulation; (b) capture time for diﬀerent bubble size.
3. Results and discussion
As a veriﬁcation test, we can ﬁrst compare the numerical results with the theoretical solution of motion of nuclei.
It’s easy to get the capture time when the release position is provided. Fig. 1.(a) shows the trajectory of the bubble
with the release position r0/rc = 1, radius Rb = 112 μm, and the vortex circulation Γ0 = 0.29 m2/s, vortex core
rc = 5.6 μm. We can see that the small bubble moves along a spiral line. The circumferential motion is mainly driven
by the circumferential velocity of the vortex, while the radial motion is driven by the pressure gradient. Therefore
the capture time depends on the pressure gradient and the initial status of the bubble. The numerical result of radial
position is also presented in Fig. 1.(b) and compared with the theoretical solution, which shows that Eq. (6) can
provide good estimations for the trajectory of bubble in the vortex ﬂow.
Based on that, we pay attention to the capture time. The criteria of the capture of a bubble is taken as in Ref. [2],
i.e., a bubble was considered captured when the radical distance of a bubble for the vortex axis is less than 1/4 of the
core radius, which approximately corresponds to the region of the low pressure.
Bubbles’ trajectories when captured for three diﬀerent sizes are shown in Fig. 2.(a). They are all released at
r/rc = 3.5. It can be seen that the smallest bubble takes the most time to be captured while the biggest bubble costs
the least. Obviously, according to the analysis in the test case, this is due to the bigger bubbles has larger forces of
pressure gradient, which push the bubble in the radical direction. Then varing the initial release position, we get the
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Fig. 3. (a) a bubble’s trajectory when captured for diﬀerent vortex circulation; (b) capture time for diﬀerent vortex circulation.
capture time for each of these cases, shown in Fig. 2.(b), which have all been nondimensionalized by the capture time
of the bubble in Fig. 1.(a). So the smaller bubbles take much longer time to be captured when far away, for example,
5 times the vortex core radius. Consequently, it’s not necessary to take into account the smaller bubbles’ impact on
the cavitation inception far from the vortex core.
Furthermore, to understand the eﬀect of water quality on cavitation inception, we not only inspect cases when
bubble sizes are diﬀerent, but also study cases that vortex intensities will be changed. The results are shown in Fig. 3.
From Fig. 3.(a), we can see for vortex core having diﬀerent circulations but identical radius, a bubble released from
a same position, the capture times diﬀer a lot. It’s clearly shown in Fig. 3(b). So obviously, water quality has much
eﬀect to scale eﬀect when using the test cavitation inception to predict the full-scale cavitation inception. On the one
hand, for the two cases, the nuclei spectrum [5][7] are diﬀerent. On the other hand, the great diﬀerences in Reynolds
number [8] will cause the great diﬀerences in the trailing vortex ﬂow.
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